Abstract Breast cancer survivors have a 60 % higher risk of developing a second primary asynchronous contralateral breast cancer (CBC) compared to women's risk of developing a first primary breast cancer (FBC). However, little is known about how expression of tumor markers in first breast cancers influences CBC risk. We conducted a population-based nested case-control study among women 20-74 years of age diagnosed with a first breast cancer between 1996 and 2008 in western Washington State to evaluate the association between their tumor's estrogen receptor (ER), progesterone receptor (PR) and HER2-neu (HER2) expression, and risk of CBC. The study included 482 cases diagnosed with both a FBC and a CBC and 1,506 control women diagnosed only once with breast cancer identified through our local Surveillance, Epidemiology and End Results (SEER) cancer registry. Compared to the women whose FBC was ER?/PR?, those with ER-/PRfirst tumors had a 1.6-fold (95 % confidence interval (CI): 1.2-2.3) increased risk of developing a CBC. When evaluated by joint ER/PR/HER2 status, compared to women with ER?/HER2-first cancers, those with HER2-overexpressing (ER-/HER2?) and triple-negative disease (ER-/PR-/HER2-) had 2.0-fold (95 % CI: 1.1-3.8) and 1.4-fold (95 % CI: 0.9-2.3) elevated risks of developing CBC, respectively. Beyond the known higher risks of mortality among patients diagnosed with more aggressive BC subtypes, here, we observe that they may also have increased risks of developing CBC.
Introduction
Breast cancer survivors have a 60 % higher risk of developing a second primary contralateral breast cancer (CBC) compared to the risk women in the general population have of developing a first primary breast cancer [1] . Although previous studies have evaluated associations between epidemiological factors and CBC risk [1] [2] [3] [4] [5] [6] , relatively little is known about how expression of tumor markers in the first breast cancers may also relate to risk. Further identification and characterization of contributors to CBC risk is of clinical and personal importance to the continuously growing number of breast cancer survivors. We conducted a population-based nested case-control study to evaluate how expression of estrogen receptor (ER), progesterone receptor (PR), and HER2-neu (HER2) in the first primary breast cancers are related to CBC risk.
Methods
This case-control study was nested within the cohort of 29,126 women 20-74 years of age diagnosed with a first invasive breast cancer from 1996 to 2008 in the catchment area of the Cancer Surveillance System (CSS), the population-based cancer registry serving western Washington state. CSS is a participant in the Surveillance, Epidemiology, and End Results (SEER) program of the National Cancer Institute, and it is estimated that[99 % of all incident cancer cases in the 13 county area covered by CSS are identified and included in the cancer registry [7] . This study was conducted with institutional review board approval. Potentially eligible cases were the 507 women in the cohort who were subsequently diagnosed with a second primary contralateral invasive breast cancer (CBC) at least 6 months following the diagnosis of their FBC with followup through July 2008.
The study was limited to the 95 % of cases (n = 482) for which both ER and PR status of their first primary breast cancer (FBC) were known. The diagnosis of a second primary CBC was determined according to SEER rules for defining second primary cancers. SEER does not record breast cancers that are considered recurrences. During the span of this study, a second breast tumor was designated as a recurrence versus a new primary breast cancer by SEER based on the judgment and clinical determination of the treating physicians, irrespective of the elapsed time between diagnoses of the first and second cancers, the laterality of the two tumors, or any tumor characteristics (e.g., histology or hormone receptor status). For this analysis we required second primary breast cancers to be diagnosed in the breast contralateral to the first cancer and to have occurred at least 6 months after the first cancer to increase the likelihood that these second cancers represented true second primaries rather than recurrences or synchronous bilateral primaries.
Potential control women diagnosed with a first primary breast cancer, but not with a second primary breast cancer were frequency matched to cases by age (within 12 months) at the time of their primary breast cancer diagnosis and year (within 12 months) of FBC diagnosis. Controls must have been alive and CBC-free at the time of their matched case's CBC diagnosis date. Reference dates were assigned to cases and controls; a case's reference date was the date of her CBC diagnosis; a control's reference date corresponded to the date of her matched case's CBC diagnosis. Of the 1,590 potential controls identified, 84 (5 %) were excluded from this analysis because they were missing data on either ER or PR status.
Data on covariates that are routinely collected by SEER registries were ascertained through CSS and included various demographic factors (diagnosis date of first breast cancer, race, ethnicity, and age at diagnosis), tumor characteristics of both first and second tumors (histology, stage, and hormone receptor status), and treatments received for first breast cancer (surgery, radiation, chemotherapy, and hormonal therapy). According to SEER rules, the status of ER and PR are determined by the pathologist's interpretation of assay values from the most representative tumor specimen. During the years in which this study was conducted, HER2 status was not routinely collected by CSS. For this analysis, we ascertained HER2 status through the review of pathology reports collected and archived by CSS. A tumor was defined as HER2 negative if it had an immunohistochemistry (IHC) score of 1? or 0. Tumors with scores of 3? or 4? were considered to be HER2 positive. HER2 scores of 2? are typically considered indeterminate and often a subsequent fluorescent in situ hybridization (FISH) test is done to determine status (102 or 8 % of primary breast cancers had 2? values). Among the first tumors of cases and controls classified as 2?, FISH data were available on 41 and the remainder was classified as HER2 negative given that it has been previously reported that the majority of 2? HER2 cases are HER2 negative when FISH testing is performed [8] . This was also true in our study where 80 % of 2? HER2 cases that had FISH testing performed were HER2 negative according to their FISH results.
By means of logistic regression, we evaluated both joint ER/PR expression and proxies of the four main molecular breast cancer phenotypes defined by ER, PR, and HER2, in relation to risk of developing CBC. For molecular phenotyping, we grouped tumors into four categories: luminal-A (ER?/HER2-) versus luminal B (ER?/HER2?) HER2-overexpressing (ER-/HER2?), and triple-negative(ER-/ PR-/HER2-). The 180 cases (37 %) and 528 controls (35 %) missing data on their FBC's HER2 were excluded from these analyses. All analyses were conducted by STATA 10.0 for Windows (Stata Corporation, College Station, Texas). Analyses were adjusted for the variables used for matching (year and age at first breast cancer diagnosis), as well as for histology and stage of the first tumor, since these were a priori considered to be potential confounders. In order to assess CBC risk above and beyond the variation that would be expected as a result of differing treatment modalities among women with cancers with different molecular profiles, we also adjusted all analyses for receipt of chemotherapy and receipt of hormonal therapy for the first tumor (any vs. none). We did not additionally adjust for surgery or radiation treatment because their inclusion in the regression models did not alter the risk estimates for any of the queried associations by [10 %. We assessed potential effect modification of our results by age at FBC diagnosis (\50 vs. C50 years of age), but based on likelihood ratio testing none was observed (p values for interaction were all [0.05). Given the established benefit of hormonal therapy in reducing CBC risk, we repeated analyses restricted to women who did not receive hormonal treatment for their FBC to assess the risk of CBC by tumor subtype independent of hormonal therapy.
In addition, we conducted polytomous regression analyses to assess risks associated with various subtypes of CBC defined by stage (localized vs. regional/distant); ER/PR status; and molecular phenotype [ER?/HER2-(luminal-A) vs. ER?/HER2? (luminal B) vs. ER-/HER2? (HER2 overexpressing) vs. ER-/PR-/HER2-(triple-negative)].
Results
Cases and controls were similar with respect to their age and race (Table 1 ). The FBC of cases were somewhat less likely than those of controls to be ductal (77.6 and 80.1 %, respectively) and of regional/distant stage (29.2 vs. 34.4 %, respectively). With respect to FBC treatments, a similar proportion of cases and controls received a total mastectomy or radiation therapy and cases were somewhat less likely than controls to have received either chemotherapy or adjuvant hormonal therapy for their primary breast cancer (46.9 vs. 53.4 %; and 58.3 vs. 62.1 %, respectively).
Women who had an ER-/PR-FBC had a 60 % higher risk of developing a CBC (OR: 1.6, 95 % CI: 1.2-2.3; Table 2 ) compared to women with an ER?/PR? FBC. This association was stronger among women in whom more time had elapsed between their first breast cancer diagnosis and their reference date; compared to women with an ER?/PR? FBC, those with an ER-/PR-FBC had a 2.9-fold higher risk of developing a CBC greater than 5 years after their FBC diagnosis.
Women with HER2-overexpressing and triple-negative FBC had elevated risks of developing a CBC (OR: 2.0, 95 % CI: 1.1-3.8 and OR: 1.4, 95 % CI: 0.9-2.3, respectively; Table 3 ) relative to women with a luminal-A FBC though the risk among triple-negative patients was within the limits of chance. The association between triple-negative FBC and CBC appeared to be limited to those women in whom four or more years had elapsed between their first and contralateral breast cancer. To the extent that we were able to evaluate the relationship (given our limited followup), there did not appear to be a clear threshold of time beyond which risk reached a plateau.
Risk of localized CBC was similar across first tumors divided by ER/PR status or joint ER/PR/HER2 status (Tables 2, 3 ). In contrast, relative to women whose first tumors were ER?/PR?, those with ER-/PR-tumors had a 2.3-fold (95 % CI: 1.3-3.9) higher risk of being diagnosed with regional/distant stage CBC. Similarly, compared to women whose first tumors were luminal-A, those with HER2-overexpressing and triple-negative tumors had increased risks (OR: 3.4, 95 % CI: 1.2-9.3 and OR: 3.1, 95 % CI: 1.4-7.1, respectively) of being diagnosed with an advanced stage CBC.
The risk of developing and ER?/PR? CBC was similar across women diagnosed with a first primary ER?/PR?, ER?/PR-, or a ER-/PR-breast cancer. In contrast, compared to women diagnosed with a first primary ER?/ (Table 2) . Similarly, compared to women diagnosed with a first primary luminal-A breast cancer, those diagnosed with a triple-negative breast cancer had a 7.5-fold higher risk of developing a triple-negative CBC (95 %CI: 2.7-20.5; Table 3 ). There were too few HER2-overexpressing CBC to allow a separate evaluation of concordance between first and contralateral HER2-overexpressing breast tumors. Of note, the patterns of results shown in Tables 2, 3 did not change appreciably when the analysis was restricted to women who did not receive adjuvant hormonal therapy for their FBC.
Discussion
We observed that women with ER-/PR-FBC had a higher risk of contralateral breast cancer than women with ER?/PR? FBC. Similarly, we found that women whose first cancer was either HER2-overexpressing or triplenegative had a higher risk of CBC relative to women with a luminal-A first breast cancer. Our results with respect to HER2-overexpressing breast cancer do need to be interpreted with some caution though given that this was the smallest of our case groups. Risk estimates were within the limits of chance when the analysis was restricted to breast cancer patients who did not receive adjuvant hormonal therapy though the direction and magnitude of our risk estimates were the similar to our overall analysis. For women with HER2-overexpressing breast cancer, this elevation in risk was observed regardless of the timing of the second CBC; while for ER-/PR-patients (including those who had triple-negative first breast cancers), the increase in risk was confined to CBCs diagnosed at least 3 years after their first breast cancer. While the reason for this difference is unclear and it could be a chance finding, it could also be a reflection of the protective effect of chemotherapy among ER-/PR-and triple-negative patients more proximal to the time therapy was administered. The presence of a similar pattern of results among the subgroup of women who had received no hormone treatment for their FBC suggests that these findings are not a reflection of a chemopreventive effect of hormone therapy among women with ER? FBC. In addition, patients with HER2-overexpressing or triple-negative tumors also had elevated risks of developing an advanced stage CBC. These findings suggest that in addition to the elevated risks of recurrence and death that patients with triple-negative or HER2-overexpressing breast cancers experience [9] [10] [11] , they also have an elevated risk of CBC and particularly of advanced stage CBC. Although several studies have evaluated the association between tumor characteristics, such as histology and stage, as well as demographic characteristics and CBC risk, only two have evaluated the association between hormone receptor and HER2 status and CBC risk [6, 10] . We previously found no difference in risk of CBC between young women with hormone receptor negative or positive FBC, but did find that women whose first tumor was HER2 positive had a higher risk of CBC than did women with HER2-negative FBC. However, this analysis was restricted to women under the age of 45 and is not directly comparable to the predominantly older population included in this study. Findings from the study by Bessenova, et al., however, were similar to our results. They found that women with triple-negative and HER2-overexpressing FBC had standardized incidence ratio (SIR) of 1.84 and 1.92, respectively, of developing a second breast cancer, while women who were ER? and/or PR? and HER2? had a SIR of 0.93 [10] . Although they did not have HER2 information, the findings of Kurian et al. [12] , are also similar to those reported here. They observed that women with ER-/PR-first breast cancers had almost double the risk of developing a contralateral tumor than women with a FBC that was either ER? or PR? (SIR: 3.57 and 2.22, respectively). Bouchardy et al. [13] . found that women with ER-FBC had an almost threefold higher risk of developing a CBC than women with an ER? FBC. Strengths of the current study include its population-based design and its duration of followup that allowed us to evaluate the temporal effects that seem to modify the association between breast cancer subtype and subsequent risk of CBC.
Similar to our results, both Kurian et al. [12] and Bouchardy et al. [13] found a high correlation between the hormone receptor status of the first and second tumor; among women with a hormone receptor negative first cancer, the risk of developing another hormone receptor negative breast cancer was substantially higher than the risk of developing a hormone receptor positive second cancer (SIR 9.81 and 1.94 of developing a hormone receptor negative versus a hormone receptor positive second primary, respectively in the study by Kurian et al. and SIR 7.94 and 1.02 of developing an ER-versus ER? second primary in the study by Bouchardy et al.) . This high correlation is likely a reflection that both genetic and nongenetic factors contributing to the development of a first breast cancer of a particular type would also contribute to the development of a breast cancer of the same type in the contralateral breast [14] . An example of this is women who are BRCA1 mutation carries. These women have an increased risk of developing triple-negative breast cancers, as it has been estimated that 20 % of women with triplenegative breast cancer are BRCA1 mutation carriers [15] , and also have a fourfold higher risk of developing a CBC following a FBC compared to non-BRCA1 mutation carriers [16] .
It is important to acknowledge the potential limitations of this study. By relying only on data from the SEER registry, we were unable to adjust for factors known to influence breast cancer risk, such as family history, parity, and hormone use, which are not collected by SEER. Since pathological features of each woman's breast tumor are evaluated at the institution where the diagnosis is made, it is possible that there may be differences in categorization of histology, stage, hormone receptor status, and molecular subtyping; however, these differences are unlikely to be systematic, and therefore will likely only have minimized our ability to detect associations between exposures and outcomes of interest by biasing our associations toward the null. Finally, given our reliance on cancer registry data, there is a potential for misclassification of recurrences as second primaries and vice versa. While the extent and resulting biases from this misclassification are unknown, we attempted to limit this by restricting our second primary cases to those that were both contralateral and diagnosed at least 6 months after the first primary breast cancer. Despite being based on a large underlying cohort, an additional limitation of this study relates to the few number of CBC events observed particularly among the less common subtypes of breast cancer. Consequently, larger studies are needed to confirm our observations.
As a result of early detection and improving treatments for breast cancer, there is a continuously growing population of breast cancer survivors, and so it is becoming increasingly important to identify those survivors who carry a particularly high risk for developing CBC. This information can help guide a woman's treatment as well as her followup and screening choices. Here, we observed that beyond their known higher risk of mortality, patients with more aggressive BC subtypes also have increased risks of developing CBC, and particularly more advanced stage CBC. If confirmed, these patients may warrant more frequent or multimodal screening of their contralateral breast though further studies are needed to evaluate the potential benefits of such approaches.
